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Numerical Stability and Control AnalysisTowards
Falling-Leaf Prediction Capabilitiesof Splitflow for Two

Generic High-PerformanceAircraft Models

Eric F. Charlton
Lockheed Martin

Tactical Aircraft Systems

Abstract

Aerodynamic analysesare performed using the Lockheed Martin Tactical Aircraft Systems
(LMTAS) Splitflow computational fluid dynamicscodeto investigatethecomputational predic-
tion capabilitiesfor vortex-dominatedflow fieldsof two different taillessaircraft modelsat large
anglesof attack and sideslip. Thesecomputationsareperformed with thegoal of providinguse-
ful stability and control data to designersof high-performanceaircraft. Appropriatemetrics for
accuracy, time, and easeof usearedetermined in consultation with both theLMTASAdvanced
Design and Stability and Controls groups. Results are obtained and compared to wind tunnel
data for all six forcesand moments. Moment data iscombined to form a“fallin g leaf ” stability
analysis. Finally, a handful of viscous simulations were also performed to further investigate
nonlinearitiesand possible viscous effects in the differencesbetween the accumulated inviscid
computational and experimental data.
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1 Nomenclature

Parameters:

� angleof attack,usuallyin degrees.
�

sideslipangle,usuallyin degrees.
*

wing sweepangle,usuallyin degrees.

+ (!, wing thicknessto chordratio,usuallyin percent.

Variables:

$.- / lateralstabilityderivative, 01$.-2(�0 � (Section7).

$43 / directionalstabilityderivative, 05$43�(�0 � (Section7).

$ 3 /7698�: Dutch-rollstabilityparameter(Section7).
;&< � ; � � ;>= force coefficientsin the body ? -, @ -, and ACB axis respectively, alsoreferredto as $.D ,

$.E , and $.F respectively.
G <�< � G =H= � G <�=

momentsof inertiaaboutthe ? -, A -, and ?5(!A axesrespectively.

� < � �I� � � = momentcoefficientsaroundthebody ? -, @ -, and AJB axisrespectively, alsoreferredto
as $.- � $4K � $43 or L.M&M&N � L.M&O � L.M&PQN (“C little L body,” “C little M,” and“C little N body,”
where“body” refersto thereferenceaxis).

R�SUTWV
synchronousroll-yaw parameter(Section7).

XY velocity, Z\[ � Y �H]_^ in bodyaxes.
X` vorticity ( acb XY ), in bodyaxes.

Abbreviations:

BC boundarycondition

CFD computationalfluid dynamics

ICE LMTAS Innovative ControlEffectors(taillessdeltawing) model

LE leadingedge

LaRC NASA Langley ResearchCenter

LM LockheedMartin

LMT AS LockheedMartin, TacticalAircraft Systemsdivision

MTVI NASA Langley ModularTransonicVortex Interactionaircraftmodel

PVM ParallelVirtual Machinelibrary

RCS radarcrosssection
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SARL SubsonicAerodynamicResearchLaboratory

S&C stabilityandcontrols

WT wind tunnel(in this report,usuallySARL)
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(a)MTVI (b) ICE

Figure1: Baselineaircraftmodelconfigurations

2 Intr oduction

Aerodynamicdesignof high-performanceaircraft requiresdetailedknowledgeof the often-com-
plicatedairflow aroundthe surface. High-performanceaircraft usually make useof chinesand
surfaceblendsbetweenfuselagesandwingsto encouragevortex lift for maneuveringwithoutsharp
intersectionsbetweenthewing andfuselage.Recentconcernsregardingradarcrosssection(RCS,
i.e. “stealth”) have placedadditionalemphasison sharp,well-definedsurfaceintersectionsandare
oftenleadingto taillessaircraftdesigns.

Theuseof modifieddeltawingsandsharp-edgedleadingedgesoftenleadsto vortex-dominated
flows. Theproblemis furthercomplicatedby thelargerangesof angleof attack( � ) andsideslip(

�
)

commonlyexperiencedby tacticalaircraft. The blendedfuselageor chinealongwith the leading
edgeof thewing oftencreatesmultiplevorticeswhich interact in complicatedandhighly-nonlinear
manners.

Thepresentstudyis partof theNASA Langley ResearchCentersponsoredproject(described
in References1–8) aimedat assessingthe viability of using variousstate-of-the-artCFD Euler
technologyfor efficientapplicationof aerodynamicanalysisduringthepreliminarydesignprocess.
Thiswork demonstrateshow theLMTAS-developedCartesian/unstructured grid method,theSplit-
flow code,canbe usedto rapidly analyzethe flow aroundhigh-performanceaircraft shapesand
advancetheir designprocess.Resultsfor the testcasesarepresentedandmeasuredwith respect
to runtime,accuracy, andthe easeof use. In orderfor CFD to be usedroutinely in the designof
high-performanceaircraft, certainstandardsmustbe met for accuracy, time required,andeaseof
use.

3 Configuration

Two configurationswere analyzedto provide comparisondatafor different typesof aircraft, as
shown in Figure1. Eachis a taillessdeltawing aircraft model,but a differentmethodis usedin
eachto blendthewing andfuselage.In bothcases,theflowsaredominatedby multiple interacting
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� �
0 12 20 30 40
2 6 12 16 20 25 30 35 40 45

Table1: MTVI �)( � -sweep (inviscid)

� �
0 0 10 15 20 30
5 0 10 15 20 30
10 0 5 10 15 20 22 24 26 28 30
20 0 5 10 15 20 22 24 26 28 30

Table2: TaillessDelta (ICE) � -sweep (inviscid)

vortices. As these vortices interact, their influenceon each other and the upper surface of the wing
wil l set the corresponding aerodynamic performance of the vehicles. In each case, the key to a
vortex-driven solution is resolving the vortex core. But adaption to the core can be tricky—at high
� , vortex breakdown canbecomean important effect, andvortex breakdown isespecially aggravated
by high

�
.

The first configuration is the NASA Langley Modular Transonic Vortex Interaction (MTVI)
model. MTVI is a delta wing with a long chined fuselage, as shown in Figure 1(a). At high � ,
vortices are created off of both the chine and the leading edge of the wing which interact as they
passover theupper surfaceof theaircraft model. Thegeometry and wind tunnel forcesand moment
data were provided by NASA Langley Research Center [9]. The MTVI cases computed are listed
in Table1.

The second configuration is the LMTAS tailless delta wing, referred to here (and in many ear-
lier publications) as the Innovative Control Effectors (ICE) model. The ICE model has a blended
fuselage and canopy, with a serrated (“broken”) trailing edge. The ICE model also has very high
camber with avery thin wing airfoil (

+ (!, � #ed ), which caused difficulty during thegrid generation
phase as wil l be discussed later in Section 5.3. The ICE model is shown in Figure 1(b). Table 2
lists thecasesperformed for thesweepsacrossangle-of-attack, Table3 lists theadditional cases
performed for the sweep across slip angle, and Table 4 lists the viscous cases that were added to
investigate the possibility of viscous effects causing discrepancies between the inviscid solutions
and theSubsonic Aerodynamic Research Laboratory (SARL) wind tunnel data.

4 Computational Resources

Two versionsof theLockheed Martin unstructured Cartesian codeSplitflow wereused for thisanal-
ysis. The newer code, Omnigrid Splitflow, is a parallel code using Parallel Virtual Machine (PVM,

� �
20 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

Table3: TaillessDelta (ICE)
�

-sweep (inviscid)
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� �
10 22 24 28
20 22 28

Table4: TaillessDelta(ICE), viscous

(a)Slicethroughanomnigrid (b) Slicethroughahybridgrid

Figure2: Omnigridandnear-surfaceprismaticgrid exampleon thebodysymmetryplane

describedin [10]) thatsolvestheEulerequations.Hybrid Splitflowis avectorcodethatwasusedto
solve theNavier-Stokesequations.TheparallelOmnigridcaseswerecomputedonnetworksof SGI
workstations,anHP2000-seriessupercomputer, andLMTAS CrayJ-90’s. Thevectorcomputations
wereperformedon theCrayJ-90’s. An exampleof anomnitreegrid andtheprismaticlayernear
thesurfaceof ahybridgrid areshown in Figures2(a)and2(b) respectively.

Eachversionof Splitflowusesa tree-baseddatastructureto build andstorethegrid. Compu-
tationalgridsarebuilt by startingfrom a “root” cell andrecursively refiningonecell into smaller
“children” grid cells. OmnigridSplitflowyieldsadditionalefficiency by refininggrid cells in each
directionindependently, yielding asfew astwo cellspercell refinement;theoctreemodelusedby
Hybrid Splitflowyieldsaconstanteight-children-per-parentcell refinement.Eachcodeusesafinite-
volumeconservationschemewith anupwindflux formulationandhasapreconditioneravailablefor
low Machnumberflow solutions.

4.1 Inviscid

The inviscid simulationswerecomputedwith OmnigridSplitflow. In practice,thedirectionalcell
splitting usedby Omnigrid Splitflowcanyield the samegrid resolutionasHybrid Splitflowusing
approximatelyhalf the numberof cells. Omnigrid Splitflowusesa pointwisesemi-implicit time
updatewith subiterationsfor more-efficientparallelcomputation.

8



Number of layers 9
Growth rate 1.1
Initial spacing 0.001

Table5: ICE prismatic grid parameters

4.2 Viscous

The five viscous simulations were computed with Hybrid Splitflow. Hybrid Splitflow uses a pris-
matic grid grown from the surface in addition to the Cartesian octree grid. The prismatic grid is
sized according to an approximateflat plate boundary layer for the aircraft’s flight conditions. For
the ICE model and the flight conditions of interest ( fhg �i���j b ���k (ml2n � ��� �o����� ), the prismatic
grid parametersare listed in Table5.

HybridSplitflowusesatwo-equation turbulencemodel for accuratesolutionof turbulent viscous
flow fields. The p - p�q and p - q models developed at LMTAS are comparable in accuracy to the p - r
and p - ` turbulencemodels, but they do not requirenearly asfinenear-wall grid spacing asdo those
models [11, 12]. In addition, unique and consistent wall function boundary conditions have been
developed for the p - p�q and p - q turbulencemodels.

For thisstudy, the p - p�q model was used without thewall function boundary condition. The vis-
cous sublayer and buffer regions of the turbulent boundary layer are within the prismatic grid. The
model has been validated for both attached and separated turbulent flows. Unlike the p - r model,
no ad-hoc correctionsare required at separation and reattachment points to obtain reasonablesolu-
tions. The p - p�q model has been applied extensively to a wide variety of aerospace flows and has
been shown to be robust and comparable in accuracy to other well calibrated two equation turbu-
lencemodels [12,13].

5 Metrics

In order to measureLMTASaerodynamic capabilitieswith regards to itsusers in Advanced Design
and Stability and Controls, metrics were produced in consultation with these groups at LMTAS.
The metrics discussions focused on time, accuracy, and ease of use. The metrics presented in this
report represent acombination of both what is needed and what iswanted. While thesemetricsare
not necessarily met in the present study, such discussion to establish the desired parameters can be
very useful in tool development.

5.1 Advanced Design Metrics

The Advanced Design group is mostly concerned with computing aerodynamic properties around
multiplecruiseand maneuver points. For their applications, onepolar isnot enough, but thenumber
of polars depends on the configurations under study. Usually extra data points are necessary to
determinetheeffect of deployed high-lift devicesand to build adatabaseof trim data.

An ordinary aerodynamic simulation schedule would require at least three trailing-edge flap
settings, three tail deflections, and three leading-edge flap settings, resulting in approximately 27
polars. To be most useful, Advanced Design would like the results of a full matrix in 24 hours;
ideally then CFD techniques are expected to be able to finish approximately one polar per hour.
TheAdvanced Design group’s current analysis techniquesarenot as fast at LMTAS, however—it
takes about one week to do a complete analysis. The current analysis codes used run quickly, but

9



each requires significant setup and post-processing time. However, if CFD were to reach the same
turnaround time as the current method, it wil l become the preliminary aerodynamic design tool of
choice.

Advanced Design’s accuracy criteria focus on accurately computing the drag coefficient, $.s .
Drag increments ( tu$ s ) are sufficient for their needs, but the primary values of interest are lift,
drag, and moment. For drag:

v $.sxw 
�d below polar break (cruise)

v $.sxw ��'d above polar break (maneuver)

v $.sUyzw 
�d
Ease of use is also a large area of concern. To be useful, a tool has to be easy to use, or else

the users wil l gravitate back to what they know. Ease is somewhat defined by how many training
hoursare required and theavailability and clarity of any documentation. Thenumber of parameters
that need tweaking should not be very large; however, there should be enough parameters to cover
all possible aspects of a problem being simulated. Ideally, one would have sets of parameters that
would work well for agiven classof problem, perhapswith an expert system to choosegiven simple
input (perhaps� , wing sweep angle,

+ (!, , and aspect ratio).
User interfaceisasignificant part of easeof use. StandardFortran-typeinputs, suchasnamelists

and formatted inputs, can causelong delayswherethecomputer givesno meaningful error message
and refuses to proceed—often over a simple typographical error in the input. Also, automatic grid
generation isvery sensitive to thequality of the input surfacemesh, and somemethod is required to
clean up thesurface. Finally using Splitflow, “split cells” areoftenaproblem. Split cellsoccur where
the cell is cut into multiple disjoint volumes by the body. Refining the grid does not always solve
the problem and may be more costly than allowable. To be useful where the geometry is changing
rapidly (as in the early design cycle), geometric problems such as gaps, poor triangulations, or
too-thin bodiesmust befixed early in theprocess.

The LMTAS Advanced Design group’s current methods are adequate, but they are still inter-
ested in improvements. Most of their methods are based on linear theory, so it is expected that
any improvements wil l come through the proper accommodation for nonlinear aerodynamics. The
required level of theoretical and geometric modeling, however, is not yet determined.

5.2 S&C Metrics

Stability and Controls (S&C) metrics are based on the conclusions reported in [14], with modifi-
cations provided by the LMTAS Stability and Controls group. Their key concern is to get reliable
data from a combination of experimental databases, linear methods, and advanced CFD methods
for potentially complex configurations. Their goalsareto obtain methodsthat aresimpleand quick,
but again accuracy is very important. In summary, forceand moment coefficients areneeded to the
following accuracy:

v $.{|w 
~}i��'d if the flow is attached,w ��|}o���'d if it is partly separated, and w ���|}����'d
if it is fully separated.

v Pitch, roll, and yaw-momentsw ���'d of data range, within
���

of zeroes.

Theserequirementsdo not cover trim nor performancerestrictions. S&C analysisassumesthat once
the aircraft is near the right configuration, the control system can appropriately counter any unan-
ticipated forceor response. Even themagnitudesof the forcesand momentsarenot so important as
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thesigns, i.e. thesystem needsto know which way to push, but it isassumed that thecontrol system
hassufficient forceto accomplish thetask. (Whilethis is theassumption, it iscritical to know that a
given deflection in control surface wil l producecorrect direction of forceand moments—thiscould
beaparticular problem with phenomenon such asaileron reversal.)

5.3 Runtime

Since Splitflow was intended to be an automatic grid generator and flow solver, the setup time for
Splitflow is minimal. Once the CAD surface cleanup is complete, one configuration setup usually
works for all of the runs. Thecomputations, however, took much longer than anticipated.

Rerunswere often required, often to compensate for thin-wing based split cell problemson the
ICE configuration. Thereareonly two known ways to deal with split cellsusing Splitflow:

1. reduce dxyzmin allowing cells to be cut smaller than the body thickness, so each side is
properly handled.

2. or zero mxdelete causing no grid coarsening with grid adaption, and reducing thechances
of producing asplit cell.

Both of thesevaluesaredescribed in [15]. Decisionsregarding their usefall to theuser’sdiscretion.
Boundary condition and turbulence models also caused some difficulty. In particular, when

attempting to use a (less expensive) slip BC on the sting, the turbulence model would fail and crash
the code. Finally, The Omnigrid Splitflow flow solver appears to be considerably less efficient than
theolder Hybrid-Splitflow code, and thisgreatly affected turnaround, as discussed in moredetail in
Section 6.9.

6 Results

Results for this analysis are presented according to the following list. Individual plots are included
in Sections 6.1 and 6.2 for the MTVI and ICE configurations, respectively. For each data set, six
plotsare included, for thebody-axis forces(

;><
,
; � , and

;>=
) and body-axismoments( � < , ��� , and

� = ), in that order.

v MTVI, � -sweep

–
�"��� �

–
�"�����

v TaillessDelta (ICE), � -sweep

–
�"�����

–
�"��
��

–
�"���� �

–
�"����� �

v TaillessDelta (ICE),
�

-sweep

11



Thecoefficientsof interestare:

v ;&< � ; � � ;&= forcecoefficientsin the ? -, @ -, and A -directions(bodyaxis)respectively.

v � < � ��� � � = momentcoefficientsaboutthe ? -, @ -, and A -directions(bodyaxis)respectively,
alsoreferredto as $.- � $4K � $43 and L.M&M&N � L.M&O � L.M&PQN .

The MTVI runs performedare listed in Table 1, while the ICE runs are listed in Tables2,
3, and4 for the � -sweeps,

�
-sweep,andviscousseriesrespectively. The chosentestmatrix for

thesecasescoversawidevarietyof anglesof attackandsideslipfor thetwo similarconfigurations,
MTVI andICE. While expandingtherangeof eithervariable(particularlysideslipfor falling-leaf
predictions)wouldbehelpful,a lot hasbeenlearnedregardinghow to analyzecasessuchasthisand
wheresomeof thepotentialpitfalls lie. As expected,theuseof theEulerequationsasa physical
basisimproved the predictioncapabilityfor nonlinearphenomenon.Although not reportedhere,
asexpected,nonlinearphenomenonrelatedto viscouseffects (vortex breakdown, separationand
reattachment,etc.)werenotpredictedwell.

The“acceptablepredictionranges”(grey areas)on themomentcoefficientplotsin Sections6.1
and 6.2 are basedon the S&C criteria discussedin Section5.2. Sincethe focus is on moment
coefficientsat nonzero

�
, only thosearespecificallyshown on the includedplots. Here,a tighter

toleranceof only w ��'d is usedto betterdemonstrateareasof successanddesiredimprovement—
w ���'d of thedatarangeis

#��'d
of thedatarange,asspecifiedby theS&C criteria,or nearlyhalf the

plottedarea.Theseregionsarehand-drawn on underlaysfor theplotsusingTecplot[16], andthey
representanapproximate(not numeric)region of acceptability. Thecomputedresultsalsocontain
“error bars,” which show the fluctuationin force or momentcoefficient over (approximately)the
last100iterations.

Thelineartheoryresultsareproducedby theHASCcode[17]. HASCuseslineartheorymodels
modifiedthroughexperienceatanalyzinghigh-performanceaircraft.

6.1 MTVI

TheMTVI resultsdid not turn out aswell asexpected.While someof thenonlinearbreakswere
capturednearthecorrect � , themagnitudeswereoftensignificantlydifferentthanthewind-tunnel
data.Part of theproblemis thewide rangeof angleof attack,

��� � ��#'
 � . At large � , muchof
theflow is separatedinto complex vortical flows, andin someinstancesvortex breakdown causes
unsteadyflowsthataredifficult to simulateevenwith Navier-Stokesmethods.
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6.1.1 MTVI Results,
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6.1.2 MTVI Results,
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6.2 ICE

TheICE resultsturnedout muchbetter, but they arestill far from ideal. In somecases,themethod
was inadequateto predictcertainnonlinearitiespresentin the wind tunneldata,which could be
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attributedto the inherentlimitationsof thetheEulerequations.TheNavier Stokessolutionswere
somewhatbetter. Perhapsa thicker prismaticgrid, or a smoothertransitionfrom theprismaticgrid
to theCartesiangrid, wouldhave improvedthem.

6.2.1 TaillessDelta (ICE) Results:
�������
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6.2.2 TaillessDelta (ICE) Results:
����
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6.2.3 TaillessDelta (ICE) Results:
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6.2.4 TaillessDelta (ICE) Results:
���������
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6.2.5 TaillessDelta (ICE) Results,
�

-sweep,� �������
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6.3 Highlights

Thenumericalresultsfor rolling andyawing momentswereparticularlyimpressive at low � ( � ��!#'�
). Sincetherolling andyawing momentsarecritical for theanalysisof thefalling-leafcondition,

thefactthattheseparametersturnedoutwell makesthis techniqueveryusefulfor its prediction.
Theresultsfor pitchingmomentappearsparticularlypoorat

�!#'�Q� � ������� . Vortex breakdown
andotherviscousandunsteadyeffectsaresuspectedto have contributed to this poor prediction.
Also, evenwith 700,000cellsin thegrid, thevortex coreswerenotwell resolved.

Theeffectof grid resolutiononsolutionaccuracy wasinvestigatedandshown to yield little im-
provement,asdiscussedin Section6.8.Regrettably, theextraworkyieldedlittle or noimprovement.
To checkthenumericalstabilityof thepoorresultsat � ���!#'� , thesolutionfrom � �����������"������
wasrestartedwith conditionsappropriatefor � ���!#'� . The resultwasthat the pitchingmoment
stayedapproximatelybetweenthevaluesat � ������� and � ������� for approximately2,000itera-
tionsbeforetumblingdown closerto thevaluesfoundstartingfrom auniformstate.Whatoriginally
appearedto beahysteresiseventuallybrokedown—thiswasoriginally believedto bearesultof the
adaptinggrid, but further testson a fixedgrid showed thesameresults.Oneimportantpostscript
is thatthesearenot truly “grid converged” solutionsin thatrespect,asthey aregrid dependentand
truegrid convergencestudiesareintendedto eliminatethataspectof thecomputationalproblem.

6.4 Impr ovements

Originally, it wasexpectedthatnew techniquesthatproducednicepolarsovernighton a worksta-
tion wouldbeusefulfor theconfigurationspresentedhere.Thesenew techniquesrely onextremely
coarsevolumegrids (

}�������H�����
cells) andoverresolved surfacegrids (

������H������}��������H�����
tri-

angles).Thesetechniqueshave turnedout surprisinglygoodresultsfor transonicandsupersonic
wing/body configurations. However, both of the configurationsin this presenteffort are vortex
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dominated at theflow speedsand angles used here, and the vortices requirea large number of cells
off thesurface. Typically, convergence isdelayed at the low speeds.

Figures 3(a) and 3(b) show a comparison of these results. “Original” refers to the first pass at
solution of these problems, which involves running Splitflow on extremely coarse (approximately
100,000 cell) grids requiring only a few hoursper case on a workstation. Asshown in Figures 3(a)
and 3(b) the coarse grid techniques produced unusably poor data, while the techniques described
here did a reasonably good job of capturing the current nonlinear trends seen in the experimental
data.

Some of the nonlinearities displayed in the CFD results with increasing� may be due to the
complex vortical flows for these configurations. Disagreements have been found in results from
different wind tunnels for the ICE configuration. Results from a different wind tunnel test show
nonlinearitiesnot apparent in theSARL tests.
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Figure3: Improved �I� resultsfor theICE configuration
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Figure4: ICE modelpitchmomentrotarybalancetestdata
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Figure4 showspitchmomentcoefficient( �I� ) testdatafor theICE modelfrom arotarybalance
testin 1996at theBhirle AppliedResearch10-footverticalwind tunnelin Neuberg, Germany [18].
Thetestuseda1/13thscalemodelwith dynamicandstaticdatacollection.ComparingFigures3(b)
and4 for

���������
, two importantissuesarethe locationof the curve crossingthe axis andboth

the Bhirle measurementsand the Splitflowcomputationalresultsshow a “leveling off ” near
�!#'�

aroundzero ��� , beforethevaluedropsnegative. Thesedifferencesleadto a conclusionthatthere
is somefundamentaldifferencebetweentheSARL wind tunneltestsandtheinviscid simulations.
SincetheBhirle datais takenat “low” Reynoldsnumber, andtheSARL datais at “high” Reynolds
number, and inviscid simulationswith Splitflow imply “low-but-not-controlled” viscosity (hence
“high” Reynoldsnumber),it is expectedthat someReynoldsnumbereffect is appearingin this
comparison.

6.5 Solution Adaption

Solution-basedgrid adaptionwasrelied uponin Splitflow to yield highly-resolved solutionswith
a minimumnumberof cellsandwithout expertsetup.Splitflowcanrefineon many functions,but
how doesonedecidewhat is important?Traditionallyat LMTAS, helicity (

XY|� X` ) is usedto adapt
thegrid to vortices.However, thepresentresultsindicatethathelicity doesnot resolve vortex cores
aswell asexpected,insteadit ringstheoutside,asshown in Figure5(a).

For configurationssuchasthesethat arehighly dependenton propervortex resolution,that is
not acceptable,sovorticity (

X` ) wasaddedasanadaptionfunctionto OmnigridSplitflow. Vorticity
doesamuchbetterjob of locatingthevortex cores,asshown in Figure5(b) for thesameconditions.
Notethatwith nosolutionadaption,asshown in Figure5(c),thevorticesdonotevenappearto have
beenfully formed.

Evenat the highervaluesof � and
�

, bothof theseconfigurations’flow solutionsarevortex-
dominated.For flows that aretransonicor supersonic,vorticity andhelicity would not locatethe
shocks(andoftenyield apooror unusableresult).In thosecases,eithergradientsof Machnumber,
gradientsof pressure,ordivergenceof densitywouldmostlikely beusedto refineoncompressibility
effects.Resolvingtheflow featuresis very important,asfailureto dosomayleadto very different
flow solutions.

For flows involving bothshocksandshears,somebalancingis required;however, mostcriteria
will setupa particularpatternof prioritization,without somesort of weightingthat will probably
vary from oneconfigurationto another[19]. In somesense,anaerodynamicistis requiredto have
anunderstandingof theapproximatefinal solutionbeforethecomputationcanbecompleted.Cur-
rently, decidingon the setof adaptionfunctionsfor a given flow is still muchmorean art thana
science.

6.6 Leading EdgeResolution

Traditionally for CFD analysisof lifting surfaces,sufficient leadingedgeresolutionis important.
Leadingedgeresolutionis moreimportantfor shock-drivenflows,or flowswherea shocklocation
setsthe importantresults(particularlypitchingmoment,�I� ). Theserunsarenot shock-driven, in
particular, but rathervortex driven,andthis appearsto make LE resolutionlesssignificantdueto
thesharpleadingedges.Theleadingedgeresolutionis shown in Figure6 for anICE configuration
at � ���!#'� and

�	������
.

This leadingedgeresolutionappearsvery coarse.Preferably, thegrid aroundtheleadingedge
wouldbedenseenoughfor theindividualgrid linesto beindistinguishableatafull-sizeview for the
aircraft. WhenusingSplitflowor any comparableunstructuredcode,a certainamountof “smooth-
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(a)Solutionadaptionwith helicity, �����������2���������

(b) Solutionadaptionwith vorticity, �������������_�������

(c) No solutionadaption,�����H�������������7�
Figure5: Effectof differentsolutionadaptionparametersoncomputedvortex structure
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Figure6: Leadingedgeresolutionfor theICE model

ing” is requiredto blendthefine-cellsnearthesurfaceandthe largercellsaway from theaircraft.
In this case,if the cells werethat tiny, nearlyall of the availablecell resourcesfor grid adaption
wouldhave beenpulledto theleadingandtrailing edgesof thewing leaving nothingleft to resolve
thevorticeswithout requiringunusablylargegrid sizes.

6.7 Convergence

Convergenceis botha traditionalmeasureandtraditionaldifficulty for thesuccessfuluseof CFD.
Becauseof thewiderangeof flow conditions,convergenceonsomecaseswasnotexpected.Further,
at higher � (and

�
?), theexpectedflow shouldbeunsteadyandincludesignificantviscouseffects

(separation,reattachment,etc.)—undertheseconditions,aconvergedEulersolutionis probablynot
expected,andcautiousinterpretationis required.

For someof theseruns,theforceandmomentcoefficientsconvergedwell, but convergencewas
very sensitive to grid adaption.Figure7 shows theconvergencefor eachof theforceandmoment
coefficientsfor thetypical case� ���
�� and

����
��
. In thesecases,someof thevaluesconverged

well, andothersdid not. Notealsothat thesamevalueswerereachedat moderateandlarger grid
sizes(greaterthan300,000cells).

Conversely, someof theserunsfeaturedvery poorconvergenceproperties.Figure8 shows the
forceandmomentconvergencefor � ����� � and

������� �
. Examiningtheseplots,it is notclearthat

anything is converging, muchlesswhatit mightbeconverging towards.

6.8 Grid Convergence

Grid convergencestudieswerealsoperformedoncertainrunsin aneffort to determinewhy certain
runsturnedout so poorly andif a finer grid would alleviate the problem. While it is unfortunate
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400,000cells 800,000cells

Figure9: Grid converencestudy, ICE model, � ���!#'� , �	������

that the resultsdid not alwayscomeinto line with theWT data,it is importantto point out thata
grid convergedanswerthatis far from theexperimentaldatamostlikely indicatesthatthephysical
equationmodelis not adequatefor theproblembeingconsidered.Thus,while the resultsarenot
whatwasoriginally desired,grid convergenceto a “wrong” answerprovidesa very importantlimit
on theapplicabilityof thetechniqueandis usefulto its evaluationfor problemsin thatclass.

Figure9 shows a comparisonof theconvergedresultsfor � �c�!# � and
���¡�� �

for approx-
imately 400,000and800,000cells. Note that they generallyhave the samevortex structureand
vorticity pattern(displayedon the aft cuttingplane). The larger grid doeshave “tighter” vortices
andaslightly largerrecirculationzoneon theupwind(right) side.

In eachcase,thecomputationproceededto convergence(with respectto thesix forceandmo-
mentcoefficients)at both400,000andnearly800,000cells. As shown in Figure6.2.3,thecompu-
tationallypredictedpitchingmomentcoefficient is considerablydifferentfrom theexperimentally
measuredvalue.In eachcase,nonoticeableimprovementwasfoundin matchingtheWT data.

As theserunsprogressed,theresultsweremonitoredwith respectto bothconvergenceof force
andmomentdataanda comparisonto provided WT data. The runspresentedin this reportwere
declareddonewith eitherforce andmomentconvergenceor for “reasonabletime exceeded”(say
4,000iterations).Sincetheoperationalresultsfrom thisreportwill beusedonfutureaircraftstudies
wherethe testsneedto becompletedwith minimumresources,it is importantto determine“how
muchcomputation”is requiredfor “good” results.Whilesomecasesconvergedto acceptableresults
with fewercells,themethod-calibrationcasesrequired400,000cellsbeforetheresultsconsistently
matchedtheWT data.Finally, since400,000cellswastheminimumrequiredfor many cases,and
yet no improvementwasdemonstratedusingmorecells, this doessuggestthat 400,000cells is a
usefultargetgrid sizefor solvingthis typeof problemwith Splitflow.
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Figure10: Contourplot of $&% difference,ICE modelat � ���!# � ���	���� �

Regrettably, this testis only anapproximationto truegrid convergence. A completegrid con-
vergencetestwould involve usinga sequenceof differentgrids, in particularoneswith consistent
refinements,to show that the solutionobtainedis independentof the grid. A final checkon this
� �¡�!#'�!���������� caseinvolved restartingthe similar caseswith conditionsappropriatefor the
former:

1. Restartingwith thecheckpointsolutionfor � �������!���	������ , andsolvingwith grid adaption
until theforcesandmomentsconverged.

2. Restartingwith thecheckpointsolutionfor � ����� � ���	���� � , andsolvingwith grid adaption
until theforcesandmomentsconverged.

3. Restartingwith the checkpointsolution for � �¢�����!���£�¤���� , and solving without grid
adaptionuntil theforcesandmomentsconverged.

In all threecases,for over 1,000iterations(and50 grid adaptioncycleswhereadaptionwas
used!),thecomputedforcesandmomentsstayedbetweenthevaluescomputedfor the � ������� and
� ����� � cases,beforedroppingto a valuemuchcloserto thatpredictedfrom a dead-start(andfar
off thewind-tunneldata).While onewould like to concludethatsomeaspectof thegrid adaption
processis pulling the flow solutionaway from nature’s solutiontowardsa very differentone,the
factthatthesamesolutionwasreachedwithoutadaptingto thedifferentflow suggeststhatthis“way
off ” valuemightbeanappropriatesolutionto theinviscid flow field at theseconditions.A contour
plot of tu$&% � $&%�¥§¦©¨«ª§¬�¥«ª)B$&%9® ¦¯¬ ® ¨«ª§¬�¥°ª is shown in Figure10; onecanseethelower pressureon the
forwardwindward “strake” areaandthestronghigherpressureon theaft-mostleewardarea—the
differencein pitchingmomentis clear, but this intermediatepositionis simplynotstable.

6.9 CPU Requirements

Theinviscidcomputationspresentedin thisreportseemedto takeconsiderablymoreCPUtimethan
expected.While thesenumbersaresuspiciousandbeingreviewed,adevelopmentalversionof Om-
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Figure11: Falling leafmotion

nigrid Splitflowwasusedfor thisstudy;thiscodehasnotyetbeenthroughathoroughoptimization,
andthis is thefirst time thatthisnew codehasbeentimedfor comparisonin this manner.

SinceOmnigridSplitflowwasdesignedto runin aparallelenvironment,it usesapointwisesemi-
implicit time marchingto advancetowardsa steadystate.It appearsthatwhile eachiterationmay
belesscomputationallyexpensive, thesemi-implicitschemerequiresconsiderablymoreiterations
to advanceto a steadystateresultingin lessefficiency thanpreviously usedimplicit methods(e.g.
Hybrid Splitflow).

Contrastingthe two codes,while Omnigrid Splitflowrequired
j���j!±³²�´�µ (�Z µ�´�¶·¶ �'¸ n ^ for a point-

semi-implicitsolver, Hybrid Splitflowrequiredonly

����±³²�´�µ (�Z µ�´�¶©¶ �m¸ n ^ for animplicit solver (both

timesarein CrayJ-90CPUseconds).Thereis no typical casefor therunspresentedin this study,
but therequirednumberof cellsvariedfrom about300,000to 400,000,andtherequirednumberof
iterationswasanywherebetween1,500and5,000.

In additionto theexpenseof theflow solver, the runtimewasslowedby refiningoften. Each
refinementrequirestwo checkpoint-filewrites,plot files, etc. Thesefile operationsrequirean in-
ordinateamountof time on Cray-architecturesupercomputers.Certainsegmentsof therefinement
processare inherentlyserial, too, negating someof the strengthof both the parallel and vector
computers.

In theLMTAS AerodynamicsandCFD computingenvironment,eachrun took approximately#��I}¹����
“wall clock” hoursof runtime. This wason heavily-loadedCray J-90’s, using

#I}»º
processorson a parallelrun. Includingwaiting to getthroughthequeue,eachrun couldtake up to
oneor two weeks.

7 Falling-Leaf Phenomenon

Falling-leafis a periodicallystableflight conditionmuchlike a spin. Failling-leafoccurswhenthe
rolling andyawing momentsare in-phaseandact suchthat roll encouragesyaw andvice versa.
Taillessaircraft (suchastheICE andtaillessMTVI modelsdiscussedherein)areparticularlyvul-
nerableto falling-leaf. In falling-leafmotion, theaircraft oscillatesrapidly betweena high � and
small

�
anda small � andlarge

�
( � ��#�� � ������¼!� � ) asshown in Figure11. As theaircraftflops

backandforth, it resemblesa leaf falling throughthesky. Hopefully, theaircraftcanflop outside
thefalling-leafregimesothatrecovery canbemadefrom thisconditionandresumenormalflight.
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Figure12: Falling leafsusceptibilityregion

Falling leafanalysisstartsasin [20] with thedefinitionof theSynchronousRoll-Yaw Parameter
(SRYP):

R�SUTQVÅ�
Æ�Ç /Æ�È /�ÉiÊÌË�ÍÊ Ë�Ë
Ê ÍÎÍÊÌË�Ë É�Ê Ë�ÍÊÌË�Ë

Æ Ç /Æ È /
(1)

andtheDutch-rollstabilityparameter:

$43 /7698�: � $43 / µ�Ï�² ��B
G�=H=
G�<�< $.- / ² ¸·Ð � (2)

wherethelateralstabilityderivative is:

$.- / � 01$.-0 �ÒÑ
tu$.-
t �¡Ñ

$.-� (3)

andthedirectionalstabilityderivative is:

$43 / � 01$430 � Ñ
tu$43
t � Ñ

$43� (4)

giventhemomentsof inertiafor theICE model(
²H¶ � l¯nHÓ ):

G�<�< ����
���#e¼�j
(5)

G =H= ������������¼
(6)G�<�= � B 
���
 (7)

Thefalling leafsusceptibilityregion is definedby:

$43 / 6m8�:xÔ � Õ R�SUTWV Ô � (8)

asshown in Figure12.
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Figure13: Falling leaf results,
��������
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Figure14: Falling leaf results,
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Figure15: Falling leaf results,MTVI,
�	��� �

Falling-leafresultsfor thetaillessdeltawing configurationareshown in Figures13 and14 for�I���� �
and
�I�Ö��� �

respectively. In the“f alling leaf” plots, $43 / 6m8�: and
R�SUTWV

areeachplotted
with respectto � . Wherethe curves crossthe horizontalzeroaxis, grey lines are drawn to the
bottom. Thered(dark)filled areasindicatetheregion wherebothparametersremainpositive and
indicatefalling leaf susceptibility(Equation8). Note that the rangeson theplotsof experimental
andcomputationaldataaredifferent,andwhenthis is considered,the CFD dataandwind tunnel
dataagreeveryclosely.

Finally, resultsarepresentedin Figure15 to show thesamefalling-leafanalysisfor theMTVI
modelat

����� �
. Sincethemomentsinertia,

G�<�<
,
G�=�=

, and
G�<�=

werenotavailable,thesamemoments
from the ICE modelwereused.Theresultsdo not look asimpressive asthecomputationson the
ICE model,but this is consistentwith the differencesnotedearlierbetweenthe ICE and MTVI
computations.Note againthat the MTVI rangeincludedsignificantlyhigheranglesof attackat
whichviscousandseparationeffectsareexpectedto bemoresignificant.

Falling leaf is a naturalphenomenonfor a tailless(andsometailed)aircraft. Falling leaf is a
violentmaneuvermuchlikeaspinthatcanresultin lossof aircraftandcrew. Thekey to dealingwith
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falling leaf is beingbothableto avoid it andto recover from an inadvertantentry. Oneimportant
conclusionfrom this datais that control augmentationwill be requiredat all � for this classof
aircraft—inparticular, theuseof anactivecontrolsystemwill probablybeneededto avoid a falling
leafcondition.While this reportis orientedtowardstacticalaircraft,otherclassesof aircraftshaped
similarly mayalsosuffer from a tendency towardsfalling leaf, makingthis analysisimportantfor
non-militaryaircraftaswell (e.g.aflying-wing transportconfiguration).

8 Conclusions

Much of thedesireddatacanbeaccuratelycomputed,but oftentheselargenonlinearproblemsre-
quirelargegridsandlongerruntimesthananticipated.At LMTAS,theS&C groupdesirescomplete
polar analysisin hours,which is not practicalwith mostEuler methods,andPreliminaryDesign
wantsa solutionperhour, which is definitelynot practicaltoday. Also, therewereno blackboxes
here,with eachrun requiringprofessionalaerodynamicassistanceto nurtureit to a propercomple-
tion.

Theproblemof how to do rapidaerodynamicpredictionsfor high-performanceaircraftdesign
requiresmoreinvestigation.Severalissuesareclear:

1. Linearmethodsdonotprovideusefuldatathroughnonlinearflow regimes.

2. Inviscid methodsdonotprovideusefuldatathroughviscousflow regimes.

3. Methodsthatarefastfor oneclassof problem(e.g.transonicwing/fuselages)maygetbogged
down ondifferentproblems(e.g.high-� delta/wings).

4. It is difficult to incorporatemassivecomputinginto therapidcycleof aircraftdesign—unless
therequireddatacannotbereasonablyobtainedotherwiseor guessedat.

Theseproblemsseemto imply thata fastmethodis neededfor theautomaticsolutionof aero-
dynamicproblemsusing the Navier-Stokes equationsto captureboth compressibleand viscous
effects.Clearly, automaticgrid generationandadaptationis still important,aswithout appropriate
grids,theprocessis doomed.$.{ , $Ø× , and $.s y arecritical values,althoughthey canbecomputed
with propertechniquesandsufficientpatiencewith thecorrectphysicalmodels.But researchneeds
to proceedin thedevelopmentof CFDgrid generatorsandflow solvers.

The motivation for this effort is to advancethe routine useof CFD in the designof high-
performanceaircraft by obtainingsufficient accuracy, reducingthe time required,andproducing
codesthatareeasyto use. While the timesrequiredfor thesimulationspresentedherearelarger
thandesirable,andeffort is still requiredregardinginterfaceandusability, goal of routineusage
of CFD in designis progressingwell. AdvanceddesignwasalreadyusingCFD routinely; along
with someof theseresultsregardingusingSplitflowat high anglesof attackandslip, S&C is now
startingto usethesesamemethodsfor conceptaircraftderivedfrom theICE model.Finally, these
techniquesmay be usedsoonoutsideof LMTAS to solve relatedproblemsin high-performance
aircraftdesign.

8.1 Future Efforts

The Aerodynamics& CFD groupat LMTAS is working to develop a completelynew versionof
theSplitflowautomaticgrid generatorandflow solver in aneffort to easilygenerategoodsolutions
for eitherinviscid or viscousanalysis.Sincenumerousdifficultieshave arisendueto thestrangely
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shapedcellson thesurfaceof theoctreegrid, thecurrenteffort focusesonreplacingthecell cutting
logic with cell projection. Thegoal is to automaticallyproducetree-like meshesthathave smooth
near-surfacegridssuitablefor modelingof viscousshearlayers.Thismethodrepresentsanattempt
to automatetheproductionof ameshsuitablefor viscousflow analysis.

Figure16showssomeof themostrecentresultsfrom thisnew codefor theICE modeldescribed
in this report. The smoothersurfacemeshis clearly visible, as is the resultantsmoothsurface
pressurecontours. While adaptationis currentlybeing implementedin the new code, it should
functionthesamewayasthecurrentversionsof Splitflow.

An advantageof this new methodis that theusercannow allow adaptationwithin theviscous
shearlayersall theway to thesurface.A possibledisadvantageis thateitheradaptioncriteriamust
be useful in both the off-surface inviscid regions and the near-surfaceviscousregions, or some
methodmustbecreatedto separatethetwo.

Thesegridsarealsomuchsmootherwith respectto neighboringvolumeratios,whichcouldof-
tenbenearlyunboundedwith traditionaloctreemethods( Ù }���'ÚÜÛ ). Meaninglessgrid parameters
suchasbodytolerancehave beenreplacedwith physicalparameterslike gap size, andthe sliver
cells that producecellsmany ordersof magnitudesmallerthantheir neighborscanbe eliminated
altogether.
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(c) Pressurecontours(top) (d) Pressurecontours(bottom)

Figure16: New grid generationmethod
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